Sporotrichosis is a common mycosis caused by dimorphic fungi from the Sporothrix schenckii complex. In recent years, sporotrichosis incidence rates have increased in the Brazilian state of Rio de Janeiro, where Sporothrix brasiliensis is the species more frequently isolated from patients. The standard antifungals itraconazole and amphotericin B are recommended as first-line therapy for cutaneous/lymphocutaneous and disseminated sporotrichosis, respectively, although decreased sensitivity to these drugs in vitro was reported for clinical isolates of S. brasiliensis. Here, we evaluated the activity of the phospholipid analogue miltefosine -already in clinical use against leishmaniasis -towards the pathogenic yeast form of S. brasiliensis isolates with low sensitivity to itraconazole or amphotericin B in vitro. Miltefosine had fungicidal activity, with minimum inhibitory concentration (MIC) values between 1-2 mg ml "1 . Miltefosine exposure led to loss of plasma membrane integrity and transmission electron microscopy (TEM) analysis revealed a decrease in cytoplasmic electron density, alterations in the thickness of cell wall layers and accumulation of an electron-dense material in the cell wall. Flow cytometry analysis using an antimelanin antibody revealed an increase in cell wall melanin in yeasts treated with miltefosine, when compared with control cells. The cytotoxicity of miltefosine was comparable to those of amphotericin B, but miltefosine showed a higher selectivity index towards the fungus. Our results suggest that miltefosine could be an effective alternative for the treatment of S. brasiliensis sporotrichosis, when standard treatment fails. Nevertheless, in vivo studies are required to confirm the antifungal potential of miltefosine for the treatment of sporotrichosis.
INTRODUCTION
Sporotrichosis is the most frequent subcutaneous mycosis in Latin America, and has high incidence rates in Brazil, especially in the Rio de Janeiro state, where zoonotic transmission prevails (Barros et al., 2010) . This disease is caused by dimorphic fungal species from the Sporothrix schenckii complex (Marimon et al., 2007; , including Sporothrix brasiliensis, the most virulent species (ArrillagaMoncrieff et al., 2009; Fernandes et al., 2013) and the most prevalent in the clinical cases from the Rio de Janeiro state (Oliveira et al., 2011; Rodrigues et al., 2013a; Borba-Santos et al., 2014) . In zoonotic transmission, sporotrichosis is mainly acquired by scratches, bites or direct contact with lesion secretion from contaminated animals, where yeasts are the infective forms (Rodrigues et al., 2013b) .
The 'gold standard' treatment for cutaneous and lymphocutaneous forms of sporotrichosis is itraconazole, while amphotericin B is the first-line drug of choice for disseminated forms of the disease (Kauffman et al., 2007) . However, recent reports demonstrated that these drugs are less potent against S. brasiliensis isolates, which have high minimum inhibitory concentration (MIC) values in vitro for these antifungals (Ottonelli Stopiglia et al., 2014; Rodrigues et al., 2014; Borba-Santos et al., 2014) .
Miltefosine is a phospholipid analogue originally developed as an antitumour drug, but later shown to have potent antiparasitic activity, which led to its licensing for the treatment of cutaneous and visceral leishmaniasis in India and Colombia (Dorlo et al., 2012) . Miltefosine induces changes in the lipid composition of membranes (among other cellular effects), leading to a disruption of membrane structure that affects intracellular signalling processes essential for survival and cell growth (Jiménez-Ló pez et al., 2010) . Recently, Brilhante et al. (2014) showed that miltefosine is active against the filamentous (i.e. saprophytic) form of S. schenckii complex species, including S. brasiliensis. However, these authors did not determine whether miltefosine is active against the pathogenic (yeast) form of S. schenckii complex species and did not examine the intracellular effects of miltefosine in these fungi.
Given the clinical and epidemiological importance of S. brasiliensis, and the limited repertoire of therapeutic options available to treat sporotrichosis by this highly virulent species, the aim of our study was to evaluate the in vitro activity of miltefosine against the pathogenic yeast form of clinical isolates of S. brasiliensis that have low susceptibility to amphotericin B or itraconazole (BorbaSantos et al., 2014) . In addition, we analysed the cytotoxicity of miltefosine, and evaluated the alterations induced by exposure of yeast cells to this drug (by electron microscopy and flow cytometry), to clarify the mechanism of action of miltefosine in S. brasiliensis.
METHODS
Micro-organisms. In this study, we used 13 clinical isolates of S. brasiliensis (Ss 34, Ss 37, Ss 56, Ss 68, B91, B182, B628, B735, B848, B972, B1008, B1086, HE06) that displayed low susceptibility to amphotericin B or itraconazole during in vitro testing (Borba-Santos et al., 2014) . The genome strain ATCC MYA 4823 was used as a reference (Teixeira et al., 2014) . The isolates were maintained in the filamentous (mycelial) form in potato dextrose agar (PDA; Difco) at 4 uC until their use in experiments. The yeast phase was obtained from filamentous-form cultures by two successive 7 day passages in brain heart infusion (BHI, Difco) broth supplemented with 2 % glucose, at 36 uC and with orbital agitation (Borba-Santos et al., 2014) .
Drugs. Miltefosine (Cayman Chemical Company) was diluted in distilled water to obtain stock solutions of 2000 mg ml 21 and maintained at 220 uC. Amphotericin B and itraconazole (Sigma) were used as reference antifungals and kept as 1600 mg ml 21 in DMSO stock solutions and stored at 220 uC.
Minimum inhibitory concentration (MIC)
. MIC values for the treatment of S. brasiliensis yeasts with miltefosine were determined using both microdilution methods adapted from the M27-A3 document from the Clinical and Laboratory Standards Institute (CLSI, 2008) , as described in Borba-Santos et al. (2014) . Briefly, yeast cells (0.5-2.5610 3 colony forming units or c.f.u. ml
21
) were treated with 0.01-16 mg ml 21 miltefosine, in RPMI 1640 medium (Sigma) supplemented with 2 % glucose and buffered with 0.165 M 3-(N-morpholine) propane sulfonic acid (MOPS), pH 7.2. Samples were incubated at 35 uC for 5 days and MIC was defined as the lowest concentration that prevents visible fungal growth in an inverted optical microscope (Axiovert 100, Zeiss).
Minimal fungicidal concentration (MFC).
To determine MFC values, 10 ml aliquots were collected from MIC samples at the end of the 5 day incubation period, and were plated in drug-free PDA. Plates were incubated at 35 uC for 7 days, and the lowest concentration of miltefosine that failed to yield fungal growth was defined as the MFC.
Drug interactions.
Interactions between miltefosine and itraconazole were assayed for the reference strain (ATCC MYA 4823) and also for two clinical isolates (Ss 37 and B737) with high MIC values (¢4 mg ml
21
) for itraconazole, using the chequerboard microdilution method (Eliopoulos & Moellering, 1991) . Concentrations ranging from 0.03-16 mg ml 21 for itraconazole and 0.25-16 mg ml 21 for miltefosine were tested. MICs were determined for drugs alone and for their combinations and the fractional inhibitory concentration index (FICI) was used to classify drug interactions. FICI values were determined using the equation: FICI5(MICa in combination/MICa tested alone)+(MICb in combination/MICb tested alone), for drugs itraconazole (a) and miltefosine (b) tested against the same fungal strain (Eliopoulos & Moellering, 1991) . Interactions were considered synergistic if FICI ¡0.5, absent if FICI .0.5 and ¡4 and antagonistic if FICI .4 (Odds, 2003) .
Time kill assays. For time kill assays, S. brasiliensis ATCC MYA 4823 yeasts (10 3 c.f.u. ml 21 starting inoculum) were exposed to different concentrations of miltefosine (0, MIC/2, MIC, MIC62, MIC64, MIC68) in RPMI 1640 medium supplemented with 2 % glucose and buffered with 0.165 M MOPS (pH 7.2), for 24, 48, 72, 96 and 168 h, at 35 uC. Treated cultures were diluted and 50 ml of diluted cultures were plated on PDA medium and incubated at 35 uC for 7 days before c.f.u. counting. Fungicidal activity was defined as a reduction of ¢99.9 % in the number of c.f.u. relative to that found in the starting inoculum; otherwise, the activity was considered fungistatic (Klepser et al., 1998) .
Membrane integrity assay. S. brasiliensis yeast cells (ATCC MYA 4823) were treated with subinhibitory concentrations (1/2 MIC) of miltefosine, amphotericin B or itraconazole for 24 h at 35 uC. Untreated and treated yeasts were washed in PBS and cells were incubated with 10 mM of SYTOX Blue dead cell stain (Molecular Probes) for 20 min at room temperature and in a dark chamber. After incubation, cells were washed in PBS and the fluorescence intensity was measured at 480 nm (excitation at 440 nm) using a Spectra-MAX 340 tuneable microplate reader (Molecular Devices).
Transmission electron microscopy. S. brasiliensis ATCC MYA 4823 yeast cells were treated with a subinhibitory concentration (1/2 MIC) of miltefosine for 24 h at 35 uC. Untreated and treated cells were washed in PBS, fixed in 2.5 % glutaraldehyde and 4 % formaldehyde in 0.1 M cacodylate buffer (for 24 h at 4 uC), and post-fixed in 1 % osmium tetroxide in 0.1 M cacodylate buffer containing 1.25 % potassium ferrocyanide and 5 mM CaCl 2 for 2 h at 4 uC. Then, cells were dehydrated in ethanol and embedded in Spurr resin. Ultrathin sections were stained in uranyl acetate and lead citrate, and observed in a JEOL 1200 EX electron microscope. Cell wall thickness values -CW* (thickness of the innermost cell wall layer) and ML (thickness of the outer microfibrilar layer of cell wall) -were measured in 20 cells for each sample, using Image J software (NHI).
Flow cytometry analysis. Untreated and miltefosine-treated S. brasiliensis ATCC MYA 4823 yeast cells (treated with subinhibitory concentration (1/2 MIC) for 24 h at 35 uC) were washed in PBS, fixed in 4 % of formaldehyde in PBS, incubated with 1 % BSA for 30 min and then labelled with anti-melanin antibodies (0.1 mg ml 21 , for 30 min at room temperature) purified from sera obtained from chromoblastomycosis patients (Alviano et al., 2004) . Then, samples were incubated with FITC-labelled anti-human IgG (Molecular Probes) for 30 min at room temperature and analysed in a BD Accuri C6 flow cytometer (10 000 events/sample). Data were analysed using the BD Accuri C6 Software. Negative control samples were not incubated with melanin antibodies.
Cytotoxicity test. For cytotoxicity testing, aliquots of 100 ml of LLC-MK2 (Rhesus monkey kidney epithelial cells) cell suspensions at 5610 4 cells ml 21 were dispensed onto a 96-well microtitre and incubated for 24 h. Then, monolayers were treated with different concentrations of miltefosine or amphotericin B (1-100 mg ml
) for 48 h, at 37 uC and 5 % CO 2 . Cell viability was analysed by the tetrazolium (XTT) reduction assay and selectivity indexes (SIs) were calculated using the formula: SI5CC 50 /MIC. CC 50 values correspond to the concentration that killed 50 % of LLC-MK2 cells.
Statistical analysis. Statistical analyses were performed using the GraphPad Prism 5.0 software. Wilcoxon's tests were used to analyse differences between antifungal treatments and Mann-Whitney's tests were used to analyse differences in cell wall thickness values. Linear regression was used to analyse correlations between MIC values. Oneway ANOVA was used (with Dunnett's post hoc test) to compare membrane integrity evaluation results. A 5 % significance level was adopted (P,0.05).
RESULTS
The yeast form of S. brasiliensis is sensitive to low concentrations (¡2 mg ml 
) of miltefosine
The sensitivity of the infective yeast form of S. brasiliensis to miltefosine in vitro was established by determining MIC and MFC values, using reference protocols, and these values were compared to those reported previously for the standard antifungals amphotericin B and itraconazole (Table 1 (Table 1) . Miltefosine was more potent than amphotericin B (P50.005) and itraconazole (P50.03) against all clinical S. brasiliensis isolates tested, and the reference strain ATCC MYA 4823 (from feline sporotrichosis) was also susceptible to miltefosine treatment. No significant correlation was found between MIC values for amphotericin B, itraconazole and miltefosine (r,0.4).
According to MFC values, miltefosine was also more potent against S. brasiliensis than both amphotericin B and itraconazole (Table 1) . Additionally, time kill assays performed using the reference strain (ATCC MYA 4823) showed that miltefosine has fungicidal activity towards S. brasiliensis, with 2 mg ml 21 (MIC62) of this drug resulting in complete culture growth elimination after as little as 24 h of treatment (Fig. 1) . After prolonged treatment (168 h or 7 days) with miltefosine, 1 mg ml 21 (MIC) and 0.5 mg ml 21 (MIC/2) of this drug inhibited 100 % and 80 % (1Log 10 ) of starting inoculum growth, respectively (Fig. 1) .
Combinations of itraconazole with miltefosine showed no synergistic effect against yeast cells from the isolates ATCC MYA 4823, Ss 37 and B735 (0.5,FICI¡4).
Exposure to miltefosine disrupts yeast membrane integrity, affects membrane-to-cell wall interactions and alters cell wall structure, increasing melanin content in the cell wall
To identify early changes in fungal morphology after treatment with miltefosine, S. brasiliensis yeast cells were treated with subinhibitory concentration of this drug (0.5 mg ml
21
) for 24 h, and plasma membrane integrity and ultrastructural characteristics were analysed.
Miltefosine promoted loss of plasma membrane integrity in S. brasiliensis yeast cells, as demonstrated by the increase in SYTOX blue fluorescence intensity of cell populations (P,0.001) (Fig. 2) . In contrast, no statistically significant loss of membrane integrity was observed after treatment with subinhibitory concentrations of amphotericin B and itraconazole (Fig. 2) .
In transmission electron microscopy (TEM) images, untreated S. brasiliensis yeast cells displayed a cell wall with an outer microfibrillar layer (ML) and a compact inner layer (CW*), a plasma membrane with normal shape, and a cytoplasm containing a nucleus (N), mitochondria (m) and vacuoles (v) (Fig. 3a, b) . S. brasiliensis yeast cells also exhibited an accumulation of electron-dense material in the cell wall (arrow in Fig. 3b) . Teixeira et al. (2010) have described similar electron-dense material inside cell wall as melanin deposits. Treatment with 0.5 mg ml 21 of miltefosine induced changes in the ultrastructure of S. brasiliensis yeast cells, such as: decrease in cytoplasmic electron density (Fig. 3c) , decrease in CW* thickness and an increase in ML thickness (Fig. 3e) . The exposure to miltefosine also appeared to induce accumulation and aggregation of electron-dense material in the cell wall.
To confirm that miltefosine promoted melanin accumulation, yeasts treated with this drug were labelled with antimelanin antibodies. Flow cytometry analysis of labelled cells revealed that yeasts treated with miltefosine had increased melanin content compared with untreated yeasts: fluorescence intensity mean equal to 232.7±2.6 and 160.4±1.3 to treated and untreated, respectively.
Miltefosine is more selective than amphotericin B towards S. brasiliensis yeast cells
The cytotoxicity of milefosine towards host cells in vitro was determined by treating mammalian tissue culture cells (LLC-MK2) with different concentrations of the drug ( Table 2 ). The miltefosine CC 50 (the concentration that reduced LLC-MK2 cell viability by 50 %) was 5 mg ml
, a value similar to that obtained for amphotericin B (6.25 mg ml
). Despite the similarities between miltefosine and amphotericin B CC 50 values, the lower MIC values for the treatment of S. brasiliensis yeasts with miltefosine meant that the selectivity indexes (SI5CC 50 /MIC) for this drug against S. brasiliensis were higher than those determined for amphotericin B (Table 2) .
DISCUSSION
Sporotrichosis is an endemic subcutaneous mycosis acquired by traumatic inoculation, and which has gained medical and epidemiological importance in recent years (Barros et al., 2010) . The development of new therapeutic alternatives against sporotrichosis, and particularly against the relatively drug-resistant and highly virulent species S. brasiliensis, is important to prevent further spread of the disease. In the present work, we showed that S. brasiliensis isolates that have low susceptibility to amphotericin B or itraconazole (Borba-Santos et al., 2014) were sensitive to the potent antiparasitic drug miltefosine, which induced loss of plasma membrane integrity and increase in the melanin content of fungal cells. In addition to its antifungal activity, miltefosine exhibited higher selectivity towards the fungus when compared to the standard antifungal amphotericin B. ) was reported by Brilhante et al. (2014) for the treatment of the mycelial form of S. brasiliensis. The MIC values for miltefosine reported here are in line with the 2 mg ml 21 value reported for the treatment of Candida albicans, Candida glabrata, Candida krusei, Crytococcus gatti, Crytococcus neoformans, Aspergillus fumigatus and Trichophyton mentagrophytes with this drug (Widmer et al., 2006; Tong et al., 2007; Ravu et al., 2013) .
We did not observe linear correlations between MIC values for miltefosine, amphotericin B and itraconazole (r,0.4), suggesting the absence of cross-resistance to these drugs. Moreover, low MFC values (in the 1-.16 mg ml 21 range) confirm that miltefosine is potent against the tested isolates, and time kill experiments indicated that miltefosine has fungicidal activity against the yeast form of S. brasiliensis, in agreement with that previously described for other fungal species, including Candida sp., Cryptococcus sp. and Aspergillus sp. (Widmer et al., 2006; Ravu et al., 2013) , and also for the mycelial form of S. schenckii complex species (Brilhante et al., 2014) .
Synergistic effects of miltefosine-azoles combinations have been described for some fungal species (Biswas et al., 2013) ; however, we did not detected any interactions between itraconazole and miltefosine when treating S. brasiliensis yeast cells from the reference strain ATCC MYA 4823, or from two clinical isolates with high MIC values for itraconazole (Ss 37 and B735).
SYTOX blue staining of yeasts treated with miltefosine indicates that this phospholipid analogue promotes cell death due to pronounced disturbances in the plasma membrane, among other effects described previously. Miltefosine may have several cellular targets, due to its ubiquitous effects on cell membranes (Barratt et al., 2009) . In Trypanossama cruzi and Leishmania species, the drug alters the phospholipid and sterol contents of cells (Barratt et al., 2009) , promoting a reduction in the amounts of phospholipids, ergosterol and fatty acids (Dorlo et al., 2012) . Despite the antifungal activity of miltefosine and its potential as a therapeutic alternative to treat fungal infections, the mode of action of this drug in fungi is poorly understood. Zuo et al. (2011) demonstrated that miltefosine is rapidly incorporated into Saccharomyces cerevisiae yeast cells, where it crosses the mitochondrial inner membrane, penetrating the mitochondria and leading to an apoptosis-like cell death. In S. brasiliensis, miltefosine may act on the synthesis of membrane components, which may promote instability and loss of membrane integrity, ultimately leading to yeast cell death.
We also showed by TEM that the exposure to miltefosine promoted considerable changes in S. brasiliensis yeast cells, including: loss in electron density (Fig. 3c) , accumulation of electron-dense material in the cell wall (arrow in Fig. 3d ) and alterations in cell wall thickness (Fig. 3e) . Alterations in cell wall components after miltefosine exposure were also described in C. albicans yeasts (Vila et al., 2013) .
However, the aggregation of electron-dense material in the cell wall following miltefosine treatment had not been observed previously for other fungal species. This electrondense material visualized by TEM is morphologically similar to the melanin granules described by Teixeira et al. (2010) . In addition, flow cytometry analysis using antimelanin antibodies showed that miltefosine-treated cells had increased melanin content compared to untreated cells. Thus, our results suggest that miltefosine treatment could be modulates melanin turnover (breakdown and/or production) in S. brasiliensis yeast cells, leading to the accumulation of aggregates of this pigment in the cell wall. Similarly, Teixeira et al. (2010) also showed that the amount of melanin in the cell wall of S. schenckii could be modulated by varying culture medium composition (Teixeira et al., 2010) .
Although miltefosine displayed relatively high cytotoxicity towards kidney cells, this is comparable to that observed for amphotericin B, the only available treatment option for severe forms of sporotrichosis. Moreover, in vivo tests with BALB/c mice infected with L. amazonensis showed that miltefosine was toxic only at doses higher than 50 mg kg 21 day 21 (Godinho et al., 2012) . Given the lower MIC values for miltefosine against S. brasiliensis in vitro, this drug shows higher selective indexes than amphotericin B for the isolates tested (Table 2) . Thus, miltefosine is likely to have a wider 'therapeutic window' than amphotericin B against S. brasiliensis sporotrichosis, which should allow the use of lower effective doses of this drug, to limit toxicity. Another advantage of miltefosine treatment is that this drug can be administrated orally, whereas amphotericin B treatment is intravenous.
Miltefosine is already used to treat some of the clinical manifestations of leishmaniasis (Dorlo et al., 2012) , which should facilitate its approval for use in the treatment of other infectious diseases. Interestingly, miltefosine was approved for the topical treatment of metastasized mammary carcinoma in Germany (Papazafiri et al., 2005) , in 1992; thus, topical administration of miltefosine -which might be particularly useful for sporotrichosis treatment -may be also effective in patients. Although some resistance to miltefosine has been described in patients infected with Leishmania donovani, the main resistance mechanisms seem to be associated with a defect in translocation of the drug to the cytoplasm (Pérez-Victoria et al., 2003) .
The dose of miltefosine used for the treatment of leishmaniasis in humans is 2.5 mg kg 21 day
21
, for 28 days (Dorlo et al., 2012) . The reported IC 50 value for the treatment of intracellular amastigotes of Leishmania amazonensis with miltefosine in vitro was 9 mM (3.6 mg ml 21 ) (Santa-Rita et al., 2004) , which is higher than the MIC values of 2.5-5 mM (1-2 mg ml 21 ) reported here for the treatment of S. brasiliensis isolates. Therefore, our results indicate that lower miltefosine doses than those used against human leishmaniasis could be effective in the treatment of sporotrichosis.
In conclusion, ours results show that miltefosine might represent an interesting alternative for the treatment of sporotrichosis caused by S. brasiliensis, especially when standard treatment fails. Nevertheless, further in vivo studies in experimentally infected animals are required to confirm the efficacy of miltefosine as an antifungal agent for the treatment of sporotrichosis.
Dear Authors, Please find enclosed a proof of your article for checking.
When reading through your proof, please check carefully authors' names, scientific data, data in tables, any mathematics and the accuracy of references. Please do not make any unnecessary changes at this stage. All necessary corrections should be marked on the proof at the place where the correction is to be made; please mark up the correction in the PDF and return it to us (see instructions on marking proofs in Adobe Reader).
Any queries that have arisen during preparation of your paper for publication are listed below and indicated on the proof.
Please provide your answers when returning your proof. 
Ordering reprints for SGM journals
As a result of declining reprint orders and feedback from many authors who tell us they have no use for reprints, SGM no longer provides free reprints to corresponding authors; instead, corresponding authors will receive two emails:
i) An email including a link to download the published PDF of their paper. You can forward this link to co-authors or others, and they can also use it to download the published PDF. The link can be used up to 25 times. This email will be sent out at around the time your article is published online.
ii) An email including a link to the SGM Reprint Service. You can forward this email to your co-authors if you wish, so that they can order their own reprints directly, or to your finance or purchasing department, if orders are placed centrally. This email will be sent out at around the time that your article is finalized for printing.
When you click on the link in this second email, you will be taken to an order page to place your reprint order. Like most online ordering sites, it is necessary to set up an account and provide a delivery address while placing your order, if you do not already have an account. Once an account and delivery address have been set up, these details will be stored by the system for use with future orders. Payments can be made by credit card, PayPal or purchase order.
As reprint orders are despatched by courier, there is a charge for postage and packing.
SUMMARY
N You can create or update your reprint account at any time at http://sgm-reprints.charlesworth.com/ N You will be sent an email when the reprints of this paper are ready for ordering N You cannot order reprints of this paper before this email has been sent, as your paper will not be in the system N Reprints can be ordered at any time after publication N You will also receive an email with a link to download the PDF of your published paper
The reprint ordering details will be emailed to the author listed as the corresponding author on the journal's manuscript submission system. If your paper has been published (the final version, not the publish-ahead-of-print version) but you have not received this notification, email reprints@sgm.ac.uk quoting the journal, paper number and publication details.
If you have any questions or comments about the reprint-ordering system or about the link to your published paper, email reprints@sgm.ac.uk
